Cerebellar Purkinje cells (PCs) were among the first neurons to be identified within the vertebrate CNS (Purkinje, 1838; Ramon y Cajal, 1890) . PCs have subsequently been found in the cerebella of all vertebrate species and are characterized by an ex-tensive dendritic arborization with a planar geometry (Llinas, 1969; Ito, 1984) . There are several stages in the development of this characteristic morphology as the cell differentiates from a round neuroblast to an adult neuron. In the rat these changes occur during late embryonic and early postnatal periods (Addison, 1911; Altman, 1972 Altman, , 1982 . Electrophysiological correlates of these changes in viva have been restricted to extracellular recordings (Woodward et al., 1969 (Woodward et al., , 1971 Crepel, 1972; Crepe1 et al., 1976; Shimono et al., 1976) . A more detailed analysis has not been possible because the cells are small during development and therefore inaccessible to intracellular recording techniques. An alternative strategy had been to analyze PC development in culture. Culture conditions afford greater accessibility to cells for microscopic examination and electrophysiological measurements, as well as enabling better control over the extracellular environment.
Despite these advantages, several technical obstacles arise when using cultured cells. Two of the more serious concerns have been how to identify specific cell types in cultures and how to establish culture conditions that facilitate cell survival and differentiation. Most investigators have opted to grow PCs in explant cultures where the tissue geometry is minimally disturbed. This offers a more biological microenvironment while facilitating PC identification. In explant cultures PCs have been shown to differentiate morphologically and to develop electrical excitability (Bomstein and Murray 1958; Hild and Tasaki, 1962; Wolf, 1964 Wolf, , 1970 Allerand, 197 1; Seil, 1972; Leiman and Seil, 1973; Calvet, 1974; Geller and Woodward, 1974; Gahwiler, 1976; Hendelman and Aggerwal, 1980; Marshall et al., 1980; Moonen et al., 1982; Gruel, 1983) . Recently Gruol and Franklin (1987) have shown that PCs grown in explant cultures display simple and complex firing patterns, properties displayed by adult
PCs in viva
Several groups have attempted to culture PCs following complete tissue dissociation in order to study these cells under more isolated conditions. Cell survival under such conditions, however, is more difficult than with explant cultures (see Messer et al., 1984) . Moreover the identification of dissociated cells using solely morphological criteria does not allow one to distinguish between PCs and other macroneurons of the cerebellum, e.g., Golgi cells or deep nuclei cells (see Lasher and Zagon, 1972; Nelson and Peacock, 1973) . Recently, immunocytochemical staining techniques have been used for identifying PCs cultured following tissue dissociation (Fields et al., 1982; Weber and Schachner, 1984; Hirano and Ohmori, 1986) . Fields et al. (1982) and Weber and Schachner (1984) found that PCs dissociated from embryonic cerebella survived and differentiated better in culture than PCs dissociated from postnatal animals. Hirano and Ohmori (1986) found that embryonic PCs also developed electrical excitability in dissociated cultures. While these results signify important progress in cell culture strategies, it is still unclear whether PC differentiation in dissociated cultures parallels events in vivo, and whether the degree of tissue organization affects normal electrophysiological differentiation.
In order to address these points, we have examined the electrophysiological and biophysical properties of PCs acutely isolated from cerebella at various stages of development, and we have compared their properties with those recorded from PCs in long-term culture. Cells were identified under either condition using morphological criteria deduced from immunocytochemical staining for PC-specific antigens. Our intracellular and voltage clamp measurements of acutely isolated cells support and extend the extracellular studies of Woodward et al. (1969, 197 1) which showed that PC excitability and glutamate sensitivity begin around birth and continue to develop during the following 2-3 weeks. Our results also support the observations of Fields et al. (1982) and Weber and Schachner (1984) which showed that embryonic PCs survived and differentiated better in culture than postnatal cells. Furthermore, we found that embryonic PCs cultured for 2-3 weeks in high potassium medium displayed complex waveforms reminiscent of climbing fiber-like responses in vivo. In the following article (Hockberger et al., 1989) we show that cultured PCs also displayed dendritic localization of their calcium responses, a feature shared by PCs in cerebellar slices. These results indicate that several characteristics of the mature PCs can develop in the absence of the highly stereotyped architecture of the intact cerebellum.
A preliminary report of these findings has been previously presented (Hockberger et al., 1987b) .
Materials and Methods
Tissue dissociation and culture. Cerebella from Sprague-Dawley rats (CAMM, Wayne, NJ) were removed at regular intervals between embryonic day 20 (E20) and postnatal day 14 (P14). For embryonic tissue, timed-pregnant adults were anesthetized using ether and fetuses were removed by caesarean section. Cerebella from littermates of the same age were pooled and minced into 0.5-l mm pieces while bathed in an antibiotic-isotonic buffer solution at 4°C. For explant experiments the pieces were cultured as described previously (Hockberger et al., 1987a) . For dissociation experiments the pieces were added to 10 ml of antibiotic-isotonic solution containing 0.05% trypsin (2 x crystallized; Worthinaton. Malvem. PA), and incubated in a shaker waterbath at 37°C for 2 min. Afterwards'the solution was supplemented with 0.8 ml of 0.025% DNAse (Worthington) and reincubated at 37°C for an additional 5 min. The supematant was then transferred to a trypsin inhibitor solution, containing 20 ml growth medium (without serum; see below) with 2 ml of 2.5% trypsin inhibitor (Sigma, St. Louis, MO), at room temperature. The remaining portion, which contained the tissue fragments, was replenished with trypsin solution, and the same treatment was repeated as before. The tissue fragments were treated a total of 5-6 times in the trypsin-DNAse solution, and the supematant was removed each time and added to the trypsin inhibitor solution. After the final treatment, the tissue fragments were also added to the trypsin inhibitor solution and centrifuged at 1000 rpm for 10 min. The supernatant, which contained the enzymes, inhibitor, and broken cell fragments, was discarded. The pellet of tissue fragments and cells was resuspended in growth media (without serum) using trituration, and then filtered through several layers of cheesecloth. The density and viability of filtered cells were assessed using a hemacytometer and trypan blue staining, respectively. Cells were diluted to approximately lo6 cells/cc and plated in growth media (with serum) on poly-D-lysine-coated glass coverslips (no. 1, 18 mm; Bellco, Vineland, NJ).
Dissociated cells were either analyzed immediately (i.e., l-3 hr after dissociation) or placed into 12-well culture dishes (Costar, Cambridge, MA) . All cultures were maintained in a growth medium containing Minimal Essential Medium with Earle's salts but without glutamine (MEM; Gibco, Grand Island, NY). The standard growth medium was supplemented with additional potassium chloride (total, 25 mM), glucase (total, 6 gm/liter), NaHCO, (total, 3.7 gm/liter), 2 mr.,r glutamine, heat-inactivated horse serum (1 O%, vol/vol, Gibco) , and N, supplement (Romijn et al., 1982) . For some experiments, the additional potassium chloride was omitted. All cultures were maintained at 37°C in a humidified environment of 90% air/ 10% CO, (NAPCO, model 4600, Portland, OR), and culture medium was replaced 3 times per week.
Immunocytochemistry. Cells were rinsed in Krebs saline and fixed for 30 min with 4% paraformaldehyde in 0.1 M phosphate buffer solution. The immunostaining methods we used involved either peroxidascantiperoxidase (PAP) or avidin-biotin complex (ABC) techniques. The PAP procedures were identical to those we have described previously (Hockberger et al., 1987a) . For the ABC method we used the Vectastain ABC kit from Vector Labs (Burlingame, CA). With both PAP and ABC methods. nositive stainina was detected using 3-amino-9-ethylcarbazole (AEC) as the substrate for antibody-bound HRP. All preparations were counterstained with hematoxylin.
Polyclonal antibodies against neuron-specific enolase (NSE) and S-100 protein were purchased from DAK0 Corp. (Santa Barbara, CA). Monoclonal antibodies for THY-l receptor and LEU-4 antigen were purchased from Miles Scientific (Naperville, IL) and Beckton Dickinson (Towsen, MD), respectively. Polyclonal antibodies for cyclic GMP-dependent protein kinase (GK) and peptide-(PEP) were gifts from Drs. Angus Naim and Paul Greengard (Rockefeller University, New York, NY) and Dr. James Morgan (Roche Institute of Molecular Biology, Nutley, NJ), respectively. The primary antibodies were tested initially at various dilutions, and the following dilutions gave the best results (i.e., best selectivity under our conditions): GK, 1:2000; LEU4, 1:20; PEP, 1: 1000; NSE, 1:lOOO; S-100, 1:lOOO; THY-l, 1:75. Electrophysiology.
We used whole-cell patch-recording techniques as described bv Hamill et al. (198 1) . The eauinment and nrocedures we used for recording from cultured'cells have been described previously (Hockberger et al., 1987a) . Briefly, we used a List EPC-7 patch-clamp amplifier (Medical Systems, Great Neck, NY) and an inverted Nikon microscope (Diaphot). The recording electrodes were pulled and polished using Narishige puller and microforge. The electrodes were filled with the following internal saline solution (in mM): 140 KAc, 2 MgCl,, 1 CaCl,, 10 EGTA, 10 HEPES buffer adjusted to pH 7.2. Cells were bathed in the following modified Krebs saline (mM): 120 NaCl, 5.4 KCl, 1.8 CaCl,. 1 M&l,. 25 alucose. 10 HEPES buffer adiusted All recordings were made at room temperatures (19-22"(Z) .
to DH -7.6. Calcium imaging. Cells were loaded with the calcium indicator fura-2/AM and monitored using a CCD-based imaging system as described elsewhere (Connor, 1986; Connor et al, 1987) .
Results
Our strategy for studying the electrophysiological development of rat PCs was to divide the process into 4 stages based in part upon anatomical criteria (Addison, 19 11; Altman, 1972 Altman, , 1982 Altman and Bayer, 1985) and partly upon physiological evidence regarding the timing of synaptogenesis in the cerebellar cortex (Woodward et al., 1969, 197 1; Crepel, 1972; Crepe1 et al., 1976; Shimono et al., 1976) . Stage 1 was defined as the period between the birthdate of PCs on embryonic day 15 (E 15) and the completion of PC migration into the primordial cerebellum on embryonic day 22 (E22). PCs at the end of this stage have small round somata (8-10 Km) with 3-5 dendrites and a distinct axon. These cells do not stain with Golgi methods (Hendelman and Aggerwal, 1980) and are thought to be electrically silent (Woodward et al., 1969, 197 1) . Stage 2 spanned postnatal days l-4 (Pl-P4), and during this period PCs display numerous perisomatic processes upon which climbing fibers form functional synapses (Crepe1 et al., 1976; Shimono et al., 1976) . By stage 3, postnatal days 5-9 (P5-P9), PC somata are larger (12-15 pm) and synaptic spines pepper the perisomatic processes (presumably marking the location of climbing fiber synapses). During this stage, the somata have become aligned in a single row, and each has produced a thick apical dendrite oriented perpendicular to the cortical surface. During stage 4, P 1 O-P 14, further development is denoted by the appearance of extensive et al. * Development of Rat Cerebellar Purkinje Cells lateral branching of the apical dendrite in a relatively planar geometry parallel to adjacent PCs. The disappearance of the perisomatic processes leaves a smooth flask-shaped appearance to the somata. Spines on the somata are replaced by spines on the main dendrites and branches. Synaptic contact between PCs and other cells within the cerebellar cortex (granule, basket, stellate, and other PCs), as well as contact with processes from outside the cerebellum (e.g., locus coeruleus and raphe fibers), occurs during this period (Shimono et al., 1976; Waddington and Banks, 198 1) . Beyond P14, PCs take on the appearance of the adult cell type displaying extensive dendritic arborizations and random hexagonal patterns (Altman and Winfree, 1977) .
Immunocytochemical identification of acutely isolated Purkinje cells
We distinguished acutely isolated PCs from other cerebellar cell types using, cell-specific immunocytochemical staining. Antibodies against GK, LEU-4 antigen, and PEP were used because they have been shown to stain PCs selectively in tissue sections from adult rat cerebellum (Lohmann et al., 198 1; Garson et al., 1982; Mugnaini et al., 1988) . We found that these markers were also expressed in developing PCs. Figure 1 shows examples of PCs isolated at each stage, fixed and stained for these antigens 1 hr after plating. At stage 1 (E20-E22) immunopositive PCs were similar in size to unstained cells (8-10 Mm in diameter) but could be distinguished by the presence of several immunonegative processes 20-30 Mm long. By stage 2 (Pl-P4) PC somata were slightly larger than unstained cells and displayed numerous short perisomatic processes that were immunonegative. By stage 3 PCs were uniformly larger (12-l 5 Km), and the perisomatic processes were now immunopositive.
The distinctive apical dendrites seen in vivo at stage 3 were usually absent, presumably due to resorption during the dissociation procedure, although occasionally cells with apical dendrites were isolated at earlier stages (e.g., LEU-4 stain at stage 1, and NSE stain at stage 2). By stage 4 (PlO-P14) PCs were uniformly 15 Mm in diameter and no longer displayed perisomatic processes. Instead the cell bodies had a smooth, round shape similar to what is expected for PC somata at this stage in vivo. Staining for PEP was especially intense at stage 4 resulting in an overstained, blackened appearance of the cells. In addition to these PC-specific stains, we also tested cells for several less specific markers including neuron-specific enolase (NSE), THY-l receptor, and S-100 protein. When we stained the isolated cells for NSE and THY-1, we found that each stained PCs selectively during stages 1-2, but thereafter stained other cells as well (Fig. 1, NSE arrows) . This is consistent with what is known about these antigens in vivo; that is, NSE and THY-1 are found selectively in PCs around birth, but during the second postnatal week each is expressed in other cerebellar neurons (Barclay, 1979; Schmechel et al., 1980; Morris et al., 1985) . S-100 protein is found in adult PCs and in glial cells (Tabuchi et al., 1976) , and we found that S-100 was present in isolated PCs and small round cells (presumably glial cells) during all 4 stages of development. As with PEP, the staining intensity for NSE, THY-l, and S-100 increased in PCs with development.
Electrophysiological properties of acutely isolated Purkinje cells
Having established some characteristic features of PCs at each stage of development, we then used these features to select unstained PCs for electrophysiological measurements. Intracellular recordings from isolated PCs were performed at each stage of development, and resting potentials ranged from -4 1 to -58 mV, with a mean of -49.5 mV (SD = 5.5 mV, n = 37). No significant difference in the average resting potential was found between stages. Cell input resistance, on the other hand, decreased from a mean of 0.8 GQ in stage 1 (SD = 0.2 GQ, n = 9) to 0.3 GQ by stage 4 (SD = 0.2 GQ, n = 5). Spontaneous electrical activity was absent at all stages, although at stages 2-4 action potentials could be evoked with current stimulation. Figure 2 shows recordings from PCs taken at stages 2-4 showing the progressive change in the shape of the spike with development. At P3 the action potential was broad and did not overshoot 0 mV. By P12 the spike amplitude had a 10-20 mV overshoot, and the duration was approximately one-half of spikes at earlier stages. With stimulation of longer duration, cells at stage 4 occasionally generated 2-3 spikes before adapting.
Voltage-dependent membrane conductances also displayed changes in amplitude and shape during development. Representative examples are shown in Figure 3 where the membrane currents at each stage were measured under voltage clamp. Currents were evoked using positive voltage steps (in 20 mV increments) from a holding potential of -60 mV. At E20 only the hint of a voltage-dependent outward current was apparent. This was the case for 8 of the 9 cells tested between E20 and E2 1. During stage 2 small inward and outward currents were recorded from all cells examined (n = 17). The currents evoked from PCs at stage 3 (n = 4) and stage 4 (n = 5) were larger and more complex in shape. A transient outward current (arrows in P9 and P12) was activated in the older cells with positive steps above -20 mV. This outward current was also activated from holding potentials of -40 mV, and therefore it was unlikely to be due to an A-current (see Rogawski, 1985) . It may have been a calcium-activated potassium current (see following section), although we have not yet analyzed the conductances in detail.
Membrane responses to iontophoretically-applied glutamate were also compared during development. Between E20 and E2 1 only 1 out of 9 PCs was depolarized by glutamate. Even at Pl, when action potentials were already apparent, only 1 out of 8 cells responded to glutamate. However, between P2 and P3, all PCs examined (n = 9) were depolarized by glutamate. The amplitude of the maximum depolarization increased during stage 3 (see insert in Fig. 4 ) even though the membrane resistance decreased. Further evidence for increased glutamate sensitivity was obtained during measurements of intracellular Ca2+.
Intracellular Ca2+ measurements in acutely isolated Purkinje cells
Isolated cells were loaded with the membrane-permanent calcium indicator fura -2/AM, and the response to iontophoretically-applied glutamate was examined at different stages of development. Figure 4 shows the intracellular free Ca2+ concentration of PCs before, during, and after a 1 set application of glutamate. Although the data are for individual cells, the group results were similar. There was virtually no response at E21 (n = 4) but by P4, 3 out of 4 cells responded to glutamate with small Ca2+ elevations. The mean resting Ca2+ concentration at P4 was estimated to be 80 nM (SD = 10 nM) compared with 25 nM (SD = 5 nM> for E21 cells. By P7, the average resting Ca2+ level was 120 nM (SD = 20 nM, n = 9), and the average peak response to glutamate was 730 nM (SD= 140 nM Figure I . Acutely isolated Purkinje cells (p) were identified using imunocytochemical staining for NSE, PEP, LEU-4, and GK at 4 stages of development: embryonic days 20-22 (E20-E22), postnatal days l-4 (Pl-P4), 5-9 (P5-P9), and 10-14 (PlO-P14). Positive staining is indicated by red-black, and the nuclei of all cells were counterstained with hematoxylin (blue). Granule cells (gr) developed staining for NSE in the later stages (arrows). Scale bar, 15 pm. sells was complete within 30 set after glutamate application. These results are consistent with recent electrophysiological evidence indicating that voltage-dependent Ca currents are present in the cell bodies of developing PCs (Regan, 1987) .
Conditions for Purkinje cell dlrerentiation in long-term culture
We have previously shown that cerebellar granule cells differentiate electrophysiologically and immunocytochemically when grown in explant cultures. Our attempts to study explanted PCs was hindered because these cells, unlike granule cells, remained inside the explant. We found this to be the case whether we cultured early postnatal or late embryonic tissue. were gathered into groups either at the edge of or buried within the explant. Without staining, the cells were hidden from view, and thus we were unable to perform patch-clamp measurements under these conditions. Similar results were also found after several weeks in vitro.
We next attempted culturing PCs following tissue dissociation using the same culture conditions we used for the explant experiments. As in earlier studies (Fields et al., 1982; Messer et al., 1984; Weber and Schachner 1984) , we too found that PCs dissociated from embryonic tissue survived and differentiated better in culture than PCs from postnatal tissue. Specifically, rat PCs dissociated between E20 and P2 developed extensive dendritic branching after several weeks in culture, while PCs from older animals (P3-P14) did not. Figure 6 shows examples of cells dissociated at 3 different stages of development (P2, P7, P14), then fixed and stained for PEP after approximately 1 month in culture. We found that PCs in the P7 (B) and P14 (C) cultures sometimes survived but displayed poor morphological differ- . Weber and Schachner (1984) reported that PC survival and differentiation was enhanced in serum-free medium, while cells growing in serum-containing medium lacked morphological differentiation. We too observed that PCs grown in serum-containing medium did not differentiate. However, we found that if the medium was supplemented with high potassium (25 mM), then differentiation was enhanced even though serum was present (also see Lasher and Zagon, 1972; Fields et al., 1982) . This was evident not only in the degree of morphological differentiation of cultured PCs, but also in their electrophysiological differentiation (see following section). Attempts to mimic the positive effects of high potassium by substituting either glutamate (0.5 or 5 PM) or aspartate (0.5 or 5 PM) in the medium were unsuccessful. In fact, these treatments were toxic to all cells, which rarely survived under these conditions for more than l-2 weeks. On the other hand, PCs from embryonic tissue grown in high-potassium, serum-supplemented medium survived as long as the cultures were maintained (up to 80 d).
Having established a set of conditions that facilitated the longterm survival and differentiation of dissociated PCs in culture, we next focused on their morphological development over time. Figure 7 shows the shape of E20 PCs fixed and stained for PEP after different periods in culture. [We did not use tissue earlier than E20 due to difficulty in defining the boundary of the cerebellum at earlier times, and because Altman and Bayer (1985) have shown that PC migration into the primordial cerebellum is not complete until late embryonic periods.] After 2 weeks in vitro, PCs had a stellate appearance with many short perisomatic processes and one long extension, most likely the axon (arrow in Fig. 7A ). By 2-3 weeks, the perisomatic processes were replaced by several thicker outgrowths giving the cell body a crab- like appearance (Fig. 7B) . This shape is similar to what was seen in explants after l-2 weeks (cf. Fig. 5 ). After 3-4 weeks, the PC somata appeared smooth and displayed a thick primary dendrite with secondary branching (Fig. 7C) . Figure 70 shows a PC after 5 weeks in culture that had developed 2 primary dendrites with extensive dendritic branching and bulbous swellings reminiscent of "giant" spines that develop in vivo in the absence of granule cells (Berry and Bradley, 1976; Hillman and Chen, 198 1) . However, granule cells were present in our cultures.
There was substantial variability in the morphology of PCs after a month in culture, and some examples are shown in Figure  8 . The variability was manifested in 3 ways: the number of primary dendrites, the orientation of the dendritic tree, and the size of the cell body. The number of primary dendrites was variable including one (Fig. SA) , two (Fig. 8, B , E), three (Fig.  8C) , or more, giving some cells a stellate appearance (Fig. 8D) .
When 2 primary dendrites were present, they sometimes emerged from the same side of the cell body (Fig. 8E ) and sometimes from opposite sides (Figs. 70, 8B ). The soma diameter of the majority of PEP-positive cells ranged from 15 to 20 pm. However, smaller (8-10 pm) and larger cell bodies (25-30 pm) were also found, as shown in Figure 8F .
We also examined the staining profile of cultured cells with other PC-related antigens: GK, LEU4, NSE, THY-1, and S-100. Although we could identify cells that stained positive for each of these markers after 2-4 weeks in culture, there were several drawbacks to using them for identifying PCs. NSE stained all neurons after 1 month in culture and was therefore nonspecific. GK, LEU-4, and S-100 only stained cell bodies even after 2 months in vitro, giving no indication of the extent of dendritic outgrowth in the cells. Also the intensity of staining in the cultured PCs, unlike the acutely isolated cells, did not coincide with the electrophysiological maturation of the cells. That is, the intensity of staining remained constant for GK, S-100, and THY-l up to 1 month in culture, even though PCs were developing excitability (see below). Staining for LEU-4 decreased beyond 2 weeks in culture. Finally, granule cells developed positive immunoreactivity to GK after several weeks in culture. Granule cells do not stain for GK in tissue sections (Lohmann et al., 1981) , although granule cells do synthesize cGMP in culture (Novelli and Henneberry, 1987) . Thus, the GK staining of cultured granule cells may reflect either a level of GK production in culture that is not detectable in tissue sections or an abnormal production of GK in culture.
Electrophysiological properties of Purkinje cells in long-term culture
As mentioned above, morphological differentiation occurred only if cells were dissociated prior to P2 and then grown in medium containing high potassium. This was also the case for electrophysiological differentiation. Table 1 summarizes our electrophysiological results for cells isolated at stages l-4 and grown in either normal (5 mM) or high-potassium medium (25 mM). Stage 1 cells developed action potentials (and glutamate responses) during the first 2 weeks in culture only when grown in high-potassium medium. This excitability persisted for up to 80 d (at which time the cultures were terminated). Stage 2 cells, which were weakly excitable at the time of dissociation (cf. Fig.  2 ), gave mixed results during the first 2 weeks in high potassium: 9 out of 22 cells displayed excitability. Beyond 2 weeks, the percentage of excitable cells increased in high-potassium saline, while cells in normal potassium were inexcitable throughout. Stage 3 and 4 cells rarely survived even in high-potassium saline. Those that did survive lost their excitability regardless ofwhether high potassium was present or not. The smaller sampling of cells for stages 3 and 4 reflects the decreased number of PCs that survived under these conditions.
The following results were obtained for embryonic PCs cultured in high-potassium medium for at least 30 d. Some cells displayed spontaneous electrical activity, and an example is shown in Figure 9A . In this example, the waveform was composed of recurring doublets separated by short hyperpolarizations. When the cell was hyperpolarized with current stimulation, discrete bursts of activity with large interburst hyperpolarizations were induced (Fig. 9B) . Each burst was a complex waveform involving a fast depolarization followed by a plateau phase during which individual spikes occurred. Single bursts with similar waveforms were also elicited from quiescent PCs using either current stimulation (Fig. 9C) or glutamate application (Fig. 9, D-F') . Figures 9C and 9D were evoked from the same cell, demonstrating that the shape of the response was similar regardless of how it was evoked. These complex waveforms are reminiscent of PC responses induced in vivo by climbing fiber stimulation (see Discussion).
Analysis of membrane currents under voltage clamp was impeded by the extensive dendritic processes present in cultured PCs. An example is given in Figure 10 , which shows the cell membrane potential held at -60 mV and stepped positive in 20 mV increments. An inward current was activated at -20 mV after a short delay (solid arrow), and it was followed by a transient outward current (open arrow). Although the shape of the inward and outward currents is similar to those of mature PCs in isolation (cf. Fig. 3) , the delayed inward current suggests that at least part of the total current may have been generated in the processes. A more detailed analysis in the following paper supports this interpretation.
Discussion
In this report we have analyzed the electrophysiological properties of PCs acutely isolated at 4 stages of development between embryonic day 20 and postnatal day 14. At stage 1 (E20-E22), PCs were inexcitable and did not respond to glutamate. Excitability developed during the first few days after birth (stage 2) and progressed steadily during the following 2 weeks (stages 3 and 4). During that time, PCs displayed increased sensitivity to glutamate and an increased amplitude for several voltage-dependent membrane conductances. Elevation of intracellular free Ca2+ induced by glutamate application also increased during that period. These results support and extend previous studies using extracellular recordings to describe the electrophysiological properties of PCs developing in vivo (Woodward et al., 1969; Crepel, 1972; Crepe1 et al., 1976; Shimono et al., 1976) .
We did not detect spontaneous electrical activity in the isolated PCs at any of these stages, yet several types of indirect Cells were cultured from each of 4 developmental stages and grown in medium containing either 5 rnM (5K) or 25 rnM (25K) potassium chloride. At regular intervals, cells were tested in Kreb's saline for the presence of action potentials using current stimulation. The data are presented as the number of cells displaying action potentials/number of cells examined. The number of cells examined in each group reflects the relative survivability under the specified conditions. NS, no survival of Purkinje cells under these conditions. a Stage I cells required several days in culture before excitability was present. evidence suggest that PCs are capable of endogenous electrical change the frequency of the rhythmic electrical behavior of adult activity. There are basically 4 types of evidence. First, spontaPCs (Snider et al., 1967; Woodward et al., 1974 ; S&gins et al., neous activity has been recorded from the PC layer in vivo as 1976; Crepe1 et al., 198 1) . Third, half of the cultured PCs exearly as 1 d after birth (Woodward et al., 1969) , several days amined in high-magnesium saline (used to block synaptic transbefore the first synaptic inputs arrive (Woodward et al., 1971;  mission) still generated rhythmic electrical activity (Gahwiler Crepel, 1971 Crepe1 et al., 1976 Crepe1 et al., , 1981 Shimono et al., et al., 1973) . Fourth, burst activity recorded from adult PCs in 1976). Second, elimination of the excitatory pathways did not cerebellar slices persists in TTX-containing saline (LlinPs and Sugimori, 1980a). Thus, the absence of spontaneous electrical activity in the isolated PCs studied here suggests to us that either these cells develop endogenous activity after P14, or alternatively, the source of pacemaker activity is located in the dendrites (cf. Llinas and Sugimori, 1980b) . The possibility of compartmentalization of electrical properties may represent an important limitation of the isolated cell method for studying certain aspects of cell physiology.
In this study we used cell-specific immunocytochemical staining to identify cultured PCs, a strategy also adopted by Fields et al. (1982) Weber and Schachner (1984) , Hirano and Ohmori (1986) and Gruol and Franklin (1987) . Our most satisfying results were obtained with PEP staining. Unlike the other markers we tried, PEP antigen was expressed in the somatic and dendritic processes of PCs cultured up to 50 d. The absence of dendritic staining for GK, LEU-4, S-100, and THY-l suggests that our culture conditions were not optimal for the expression of these antigens since they are present in PC dendrites in tissue sections (Lohmann et al., 198 1; Garson et al., 1982; Tabuchi et al., 1976; Barclay, 1979) . Similar problems with THY-1, LEU-4, and GK can be seen in previous reports of cultured PCs (Fields et al., 1982; Hirano and Ohmori, 1986; Gruol and Franklin, 1987) .
Our results with PEP are comparable to those of Weber and Schachner (1984) , who used PC-specific monoclonal antibodies generated in their laboratory. Both groups found that the dendritic shapes of cultured PCs were reminiscent of cells found in agranular cerebella where dendritic trees are extensive but disoriented (Altman and Anderson, 1972; Hirano and Dembitzer, 1973; Rakic and Sidman, 1973; Sotelo, 1975; Berry and Bradley, 1976; Mariani et al., 1977) . Weber and Schachner reported that PC differentiation was enhanced with higher cell plating densities and by the presence of serum-free media. Although we did not address the question of seeding density, we found that morphological and electrophysiological differentiation was possible in serum-containing medium if 25 mM potassium chloride was included. Therefore it does not appear that serum contains some factor preventing PC differentiation.
The beneficial effects of high-potassium on the survival and differentiation of cultured neurons has been well-documented (Scott and Fisher, 1970; Scott, 1971 Scott, , 1977 Lasher and Zagon, 1972; Phillipson and Sandler, 1975; Chalazonitis and Fischbath, 1980; Bennet and White, 198 1; Thangnipon et al., 1983; Kingsbury et al., 1985; Hockberger et al., 1987a; Gallo et al., 1987) . In several instances, the beneficial effects were shown to be most dramatic during the first week in culture. Although it is not known how elevated potassium prolongs neuronal survival, it seems reasonable to speculate that its depolarizing effect on membrane potential may be involved. In cultured cerebellar granule cells, TTX did not prevent the beneficial effects of high potassium, indicating that, at least in those cells, activation of voltage-dependent sodium channels was not necessary (Gallo et al., 1987) . On the other hand, agents that reduced Ca2+ influx or inhibited calmodulin blocked the effects of high potassium, suggesting that elevation of intracellular Ca2+ may be important in granule cell survival (Gallo et al., 1987) . It will be interesting to see whether this observation holds true for other cell types.
In addition to high potassium, we found that the stage at which the PCs were dissociated was also a critical factor in cell survival and differentiation. This observation supports those of Fields et al. (1982) and Weber and Schachner (1984) who showed that postnatal PCs did not survive as well in culture as embryonic PCs. By attempting to grow cells at each stage between embryonic day 20 and postnatal day 14, we determined more exactly that PCs would not differentiate in culture if dissociated after postnatal day 2 even if high potassium was present. PCs in stage 2 of development (Pl-P4) are just beginning to differentiate, and synaptic contact with climbing fibers begins. Attempts at supplementing the medium with either glutamate or aspartate, instead of high potassium, was not beneficial to cells. This suggests that withdrawal from these neurotransmitters was probably not the reason for the poor survival of postnatal PCs, and it further indicates that depolarization alone was not sufficient for cell differentiation. Clearly, there is still much to be learned about the conditions that foster cell survival and differentiation in culture.
Finally, we observed that some of the properties expressed in acutely isolated PCs were also present in cultured PCs. In particular, embryonic PCs cultured for several weeks displayed action potentials, glutamate responses, and voltage-dependent conductances similar to PCs isolated in stage 4 of development. However, unlike the isolated cells, the cultured PCs displayed action potential waveforms reminiscent of climbing fiber-like responses in viva This suggests that such waveforms may be generated in the dendrites. In the following article (Hockberger et al., 1989) we show that cultured PCs also displayed dendritic compartmentalization of their Ca responses, a feature of PCs in cerebellar slices. Taken together, our results indicate that several aspects of the PC differentiation can develop in the absence of the highly structured organization of the intact cerebellum (also see Woodward et al., 1974 Woodward et al., , 1975 Mariani et al., 1977) .
